The cardiovascular system is composed of a complex network of vessels, where highly uniform hierarchical branching structures are regulated by the anatomy and local flow requirements. Arteries bifurcate many times before they become capillaries where the scaling factor of vessel length, diameter and angle between two children branches is established at each level of recurrence. This behaviour can be easily described using a fractal scaling principle. Moreover, it was observed that the basic pattern of blood distribution is also fractal, imposed both by the anatomy of the vascular tree and the local regulation of vascular tone. In this chapter, arterial physiology was analysed, where waveform complexity of arterial pressure time series was related to arterial stiffness changes, pulse pressure variations and the presence wave reflection. Fractal dimension was used as a nonlinear measure, giving place to a 'holistic approach of fractal dimension variations throughout the arterial network', both in health and disease.
Introduction

The arterial function
Major arteries play two primary functions: to carry blood (they act as conduits) and to reduce its pulsatility (they act as dampers). Consequently, pathologies and systemic complications related to the myocardium will be mainly mechanical, including ruptures, clogs and pumping failures [1] . Along with the blood transport function, the damping function of arteries is responsible for supplying blood to body organs under a stabilized arterial pressure regime, under laminar flow conditions. Otherwise, in the course of time, tissues would suffer pulsatility-derived degradation [2] . Thus, the response from the arterial tree in terms of intermittent excitement can be described as a mechanical filtering mechanism (removal of sudden variations) of high frequencies or pulsatile phenomena [3] . Cardiovascular pathologies such as arteriosclerosis and its most common form, atherosclerosis, drastically affect the blood transport and arterial damping functions. Atherosclerosis, in particular, is an example of a disease that affects the conductive aspects of flow, thus contributing to luminal obstruction through the formation of atheromatous plaque. Therefore, certain organs (such as the heart) may be progressively and inevitably unable to receive blood flow under normal conditions (ischemic process). It is evident, then, that atherosclerosis is focal, acting at the level of the tunica intima and in a clearly occlusive form [1] . Alternatively, the damping function is affected by arteriosclerosis, mainly through an increase in arterial stiffening (AS) without affecting the transport function. For this reason, arteriosclerosis acts diffusely at the level of the arterial tunica media and with dilation consequences [1] .
Although AS increases irreversibly with age, it is important to differentiate the processes altering or accelerating its normal development [4] . With age, systemic arteries' walls undergo histological changes at the level of the tunica intima and tunica media. The presence of factors such as arterial hypertension (HBP), diabetes mellitus (DM), chronic kidney failure, or dyslipidaemia (alteration in the concentration of lipids) is directly responsible for the anticipated increase in the loss of arterial blood vessel distensibility [5] . This is due to the fact that significant changes in AS are used as early markers of vascular disease clinical signs. In this sense, a biological marker is defined as a characteristic that can be measured and evaluated objectively and that constitutes an indicator of normal biological processes, pathogenic processes or pharmacological responses. Age, gender, blood pressure, cholesterol, and diabetes are considered representative markers of cardiovascular risk (CVR) since they can help to predict the occurrence or development of CVDs [6] . More specifically, arterial biomarkers include AS, central blood pressure (CBP, measured in the aorta, at the output of left ventricle), the pulse wave velocity (PWV), the ankle-brachial index (ABI), endothelial dysfunction (ED), intima-media thickness (IMT) and coronary artery calcium (CAC). Currently, the inclusion of arterial biomarkers in the calculations of CVR prediction statistical models such as Framingham, European SCORE and Reynolds is unquestionable [6] .
Arterial viscoelasticity
If a material experiences a reversible deformation when stress is applied on it (recovering its original shape when excitement ceases), it is assumed that it has a mechanical property called elasticity. The relationship between the applied stress and the experienced deformation (stress-strain curve, SSC) determines the type of elasticity of the material. Elasticity can be linear, where the SSC is represented by a straight line passing through the origin of the coordinates, in which case it is called Hookean. However, biological materials usually exhibit SSCs with convexity, a behaviour described as non-linear. In addition, vascular walls have viscosity (a characteristic of the fluids determined by their opposition to tangential deformations) and must therefore be considered viscoelastic materials. The presence of viscosity in a material generates a delay in its deformation when a sudden stress is applied [7] . It is well known that the viscoelastic properties of the wall are linked to their constituent elements (elastin, collagen and smooth muscle fibres), and each of these elements is associated with a specific stiffness module [6] . Viscoelasticity can be evaluated by analysing the loop that describes the relation between arterial pressure (AP) and the resulting distension of the arterial diameter (AD). When creating the graph, where the abscissae correspond to AD and the ordinates correspond to AP, a hysteresis loop can be observed (after a cardiac cycle has elapsed). As a result of ventricular ejection, artery dilation describes a trajectory in the graph (systolic phase) which does not repeat during the emptying phase (diastolic phase). This means that the expansion and relaxation trajectories are dissimilar [8] . The elimination of the viscous behaviour would result in a strictly elastic pressure versus diameter relationship where both trajectories would be coincident (Figure 1 ).
Arterial stiffness assessment: clinical implications
Arterial wall stiffness can be quantified through non-invasive methodologies with direct applicability on human beings. In this sense, indexes accounting for the presence of vascular pathologies, related to AS variations, have been developed. The proper implementation of the analysis methodology as well as its reliability is permanently subjected to global consensus because of the high variability observed in in vivo experiments. In general terms, AS variation can be obtained at a systemic, regional or local level. At the systemic level, it reflects the joint opposition of the major arteries to the pulsatile effects of ventricular ejection [9] . At a regional level, it is often quantified in arterial sites of physiological relevance, such as the aorta (due to the prevalence of the damping function) or specific limbs like the arm. At the local level, it provides information related to the level of arterial wall distensibility [9] . Consequently, it is essential to properly identify the scope and functionality of the indexes used to characterize AS, essentially due to anatomic dependences and excitement conditions, which need to be considered in order to determine it.
There are many elasticity studies where measures are limited to the circumferential effect and to limited regions of the stress-strain curve, which are considered linear. An example is the estimation of the SSC slope, called the deformation modulus or Young's modulus (E), during the interval defined by the diastolic phase, where only elastic behaviours of the arterial walls intervene. This magnitude provides information on structural stiffness, and its determination requires knowing the values of AP, AD, and parietal thickness (h), which are characteristic of the vascular structure under study. However, the evaluation of the functional stiffness is based merely on the change of AD of its diastolic value due to a relative change of AP. This second magnitude, called Peterson modulus (EP), is of greater interest since it provides information on the reserve function of the major arteries [10] . It is used assuming a linear relationship between pressure and deformation, so that its determination is based on the use of systo-diastolic values corresponding to AP and AD, thus providing information at the local level. Pulse pressure (PP) is determined by the difference between the systolic and diastolic values of AP. It is one of the most useful parameters (clinically speaking), representative of AS. This index depends on systolic unloading, AS and the reflections generated in the periphery of the arterial tree. It increases with age (a result of an increase in systolic pressure), and it is influenced by the amplification factor (AF) of the arterial pressure wave (which becomes less pronounced with age). As a result of the above, special attention should be paid when using the PP value obtained through measurements on the brachial artery as a substitute of central PP (aortic and carotid). In this regard, the Framingham study has shown the applicability of PP in the prediction of cardiovascular events in people over 50 years old, rather than individual values of SBP or DBP [11, 12] . It was also mentioned that the SSC is clearly non-linear. An interesting aspect is that it can be adjusted to an exponential curve (through the AP vs. AD relation). As a consequence, the stiffness index can be defined [13] . Likewise, the pressure waves are subjected to amplitude changes along their path as a result of blood viscosity, the distribution of arterial branches and the variations of distensibilities throughout the circulatory system. Modifications in the arterial wall, such as the rupture of the elastic sheet, collagen deposits and calcium deposits, have a direct effect on AS [6] . As a consequence, arterial pulse wave velocity (PWV) is considered the most simple, robust, non-invasive and reproducible method to evaluate AS. The methodology to obtain it consists in measuring the phase difference (temporal displacement) of the AP wave when evaluated in two remote sites of the vascular network (often superficial arteries), whose distance is known with precision. An example is the circulation line between the carotid artery, which is anatomically located in the neck, and the femoral artery, located in the upper thigh. Finally, changes in wall stiffness can be also estimated assuming that the arterial wall is an isotropic homogeneous elastic material, so that the linear elastic theory is able to be applied considering the first derivative of AP with respect to the strain, giving rise to the 'pressure-strain elastic modulus' (EPS) [8] .
Arterial pressure waveform: morphologic evaluation
In general terms, AP is often defined as an oscillating magnitude that propagates from the cardiac muscle to the peripheral arteries. Like a mechanical wave (such the acoustic wave), it can be reflected and amplified [14] . As such, it has amplitude and frequency and can be analysed both in the temporal domain as well as in terms of its frequency content. It was assumed that variations in AS (dependent upon the anatomic disposition of the vascular conduit), the structural changes shown by the branching process and the eventual presence of obstructions, generate reflections of the mechanical magnitudes that propagate through the arterial network. Consequently, the AP wave increases in amplitude (scaling phenomenon, called amplification factor, AF) together with a level of non-linear deformation because its frequency components are not affected with the same intensity [14] .
Augmentation index (AIX): assessment of wave reflection
The augmentation index quantifies the difference between the first and second systolic peaks (referring to PP) providing an indirect measure of the arrival time of the waves reflected from the arterial tree periphery. It is associated with the arterial mechanical properties through PWV because an increase in the latter (produced by a variation in AS) induces an early return of such peripheral reflections. At the aortic level, the reflected AP wave combines with the incident magnitude during systole, an interval in which the left ventricle is still ejecting blood. As a result, an increase in PP is observed called augmentation pressure (AuP), and thus extra work must be performed by the left ventricle to overcome such conditions [5] . In relation to the above, AIX can be determined as AuP divided by PP × 100 to give a percentage [15] . In clinical terms, AIX increases with age and in the presence of HBP, DM and hypercholesterolemia, among other pathologies. It can further be associated with the presence of ED, as a consequence of its close link with AS.
The evaluation of early descriptors or markers of pathologies on time domain signals is based on the analysis of representative parameters of the AP wave because its morphology is determined by the ventricular ejection pattern and the elasticity of the arterial tree [14] . Systolic, diastolic and mean pressures, the time occurrence of the dicrotic notch, PP and AIX provide relevant information on the waveform and suffer alterations with age and the onset of vascular pathologies (Figure 2) . Likewise, signal morphology associated with vascular mechanics shows a marked irregularity. Unlike sinusoidal waveforms, they cannot be represented analytically through a deterministic function [16] .
Fractal analysis
The concept of 'dimension'
Before defining the concept of fractality, it is indispensable to introduce the concept of dimension. Formally speaking, it can be defined as the quantification of space occupied by a set near each of its points [17] . Furthermore, the traditional Euclidian approach argues that a curve is a uni-dimensional object, a surface is a two-dimensional object, and a volume is a tri-dimensional object. In such a statement, the dimension can be quantified in topological terms (TD), using whole numbers. Therefore, the object can be assumed to be embedded in a line (TD = 1), in a plane (TD = 2) or in the space (TD = 3). More precisely, the intuitive notion of dimension associates the space that the object occupies (V O ) with a linear unit of measure (e), using a power law, so that [18] 
where V O can be considered a distance, a surface or a volume. It can be inferred then that the area of a plane grows quadratically in relation to e and thus D = TD = 2. A similar situation is observed in curves and volumes, where the dimension acquires values corresponding to 1 and 3, respectively. This is the reason why the objects generated by means of Euclidian geometry acquire whole dimensional values. However, it is perfectly possible to conceive structures whose dimension differs from the established values so that they occupy greater or less Fractal Analysis -Applications in Health Sciences and Social Sciences 8 space than a traditional object [17] . The Euclidean geometric shapes go from one dimension to the other without generating detail in relation to its borders. However, there are natural and geometric processes which, through explicit rules, can generate structures that resemble each other when analysed at different scales of magnification. The development of 'self-similar processes' (among other qualities that will be analysed later) cannot be characterized under whole dimensional values, and thus the dimension becomes inevitably fractional. Therefore, objects occupying a metric space that fracture the TD value in which they are embedded are called fractals. As a result, the introduction of the concept of fractality leads to consider continuous dimension variations, unlike the Euclidian approach, which only admits discrete values. The fraction obtained describes the existence of a highly detailed structure whose representation is wholly ignored by the traditional perspective [19] . In mathematical terms, the measure of the dimension is found by means of the conceptualization proposed by Hausdorff (Hausdorff dimension, HD). Assuming that a disk is a set of points at a distance r of a centre, it can be inferred that for TD of value 1, the disks are segments; for TD of value 2, they are circles; and for TD of value 3, they are spheres [20] . Such disks having a radius r, whose dimension coincides with TD, are used to cover the object whose dimension needs to be known so that each point of the object is included at least in one of them, minimizing the number of elements used.
Fractality and time series behaviour
In general terms, fractal signals are those that show detail or structure when they are processed through all their timescales [21] . Formally, a fractal structure is an irregular geometric object that has self-similarity. It is composed of sub-units replicated iteratively so that under any scale of observation (considering ideal conditions), a structure similar to the whole set can be observed. Geometrically, it is possible to generate a fractal object from an initiating element, a morphogenesis rule (called generator) and a scaling interval. The latter determines the number of scales during which the above-mentioned rule must be applied. A traditional example is the Weierstrass curve [22] (Figure 3) , whose iterative construction (defined as an infinite sum of cosine functions) gives rise to a fractal, continuous everywhere but differentiable nowhere time series.
Since this type of objects is characterized by a fractional dimension, it is called fractal dimension (FD). Conceptually, the FD can also be considered an irregularity measure. As the latter increases, the dimension increases its value as well, and thus it can be used a roughness or variation measure [23] . Natural structures are typically fractal. Their high irregularity can be observed in the contour of rock formations or in the structure of tree leaves. The intense manifestation of deformations and holes places such objects in non-integer intermediate dimensions. As a consequence, Euclidean geometry is unable to quantify the space occupied by a naturally generated object [17, 24] . Although it may be evident, clouds are not spheres, mountains are not cones and lightning bolts are not lines [25] . In physiological terms, fractal structures can be observed, for example, in arterial and venous branches, cardiopulmonary structures and bile ducts [26] . In the cardiovascular system, in particular, the recognition and quantification of this type of manifestations can only be performed through indexes such as FD [27] . In this regard, one of the excluding aspects that differentiate natural from geometric fractality is that, in natural fractals, the scale invariance is appreciated only within certain limits [28] . In addition, the presence of self-similarity does not convert a geometric object into a fractal. Although this is a necessary condition, it needs additional contributions for the consolidation of the concept. To such effect, a fractal object is characterized by the following conditions [17] : it has self-similarity; it has a fine structure (detail is observed irrespective of the scale); it is too irregular to be described by traditional geometry; usually, its Hausdorff dimension exceeds its topological dimension; and, in some cases, it can be defined through recursive procedures.
A classic example describing a non-fractal structure is the real line. Although it is self-similar (composed by reproductions of itself at different scales), the remaining imposed conditions cannot be attributed to it [17] . Therefore, finding the characteristics of fractal objects in time series does not necessarily mean that they may be considered fractal. However, having those characteristics would make them possible candidates for such behaviour and then a deeper Fractal Analysis -Applications in Health Sciences and Social Sciencesanalysis would be required. To do this, it is necessary to have tools that can provide quantitative measures, such as FD [29] .
Those fractals whose components are exact replicates of the initiator are called exact and present a self-similar dimension (SSD), which is exact as well. Alternatively, there are situations in which, when there are changes in the scale, similarity is not observed at structural levels but rather at statistical levels. A magnified vision of a shoreline may not reproduce the general vision with precision, but it shows the same qualitative appearance [18] . As a result, the fractal is considered statistical. Basically, the value acquired by HD is a real number, which characterizes the richness of geometric structures of limited sets. Since it is complex to calculate and although the information provided by HD is better than other types of measures, it is not used for practical purposes [24] . The approach closest to this concept is the capacity dimension (CD). The procedure required for its determination is similar to the one used for HD but the difference lies in the fact that minimal elements are counted, N(r), required to cover the whole set. The operation is performed for diverse r values, so as to obtain the change in N(r) as r decreases to 0 [20] . Consequently, DC is expressed as follows:
When disks do not overlap, and boxes are implemented in the form of grids, the procedure gives rise to the box counting dimension (BCD). In addition, and considering that natural fractals show self-similarity only in a limited number of scales, the SSD estimation is usually made using DC (and its simplest implementation, BCD), particularly in the presence of real, inaccurate and statistical fractal structures [30] . The methodologies proposed by [31] [32] [33] can be used to estimate BCD, among others in the existing literature. According to several authors [34] [35] [36] [37] , the Higuchi's method [32] can be highlighted as one of the most applied, owing to its well performance in FD estimation under different types of fractal time series. For this reason, any reference to the FD value in this chapter will be assumed to be the quantification of BCD. Finally, and unlike auto-similarity, the concept of self-affinity is applied to objects for which scaling is anisotropic. For these objects, the proportions between scales differ according to the direction of scaling. This situation is representative of the physiological time series, where amplitude has different units from those of time [30] . Therefore, it is more appropriate to use the auto-affinity concept (as will be done hereinafter) in relation to the morphological analysis of time variables related to cardiovascular mechanics.
Applications of fractal analysis to arterial pressure
Studies on the existence of hidden information in physiological time series have gained considerable popularity over the last few years. This has resulted in the application of techniques and concepts from statistical physics and chaos theory to biomedical issues [28] . Physiological parameters such breathing, heart rate (HR) and even AP itself do not show stationarity, and they are governed by non-periodic temporal fluctuations [30] . Thus, they should be characterized as non-stationary processes, whose analysis and processing require the application of mathematical tools that can adapt to such behaviour. In this sense, the analysis provided by fractal geometry is among those which best describes the physiological phenomena observed [30] .
Mapping the fractal dimension of the arterial tree
The fundamental goal of the systemic arterial network is to reach certain organs (or specific areas) in order to supply them with the correct amount of blood flow [38] . This network consists of a series of vascular conduits which recursively bifurcate in a dichotomic fashion (a parent branch, two child branches) until they reach the arteriole level. At this last level, the process no longer continues in a dichotomic fashion; the number of branches generated multiplies considerably [20] . Each bifurcation generated within the network implies the creation of a new scale or level. In particular, what makes the arterial tree different from other vascular structures (such as those observed in pulmonary cavities, the tracheobronchial tract, the His-Purkinje system or the kidneys) is the fact that the distribution of its branches and sub-branches is considerably uniform [38] . The presence of repetitive patterns at different scales can be observed, for example, in the relationship that exists between the length of the generating artery and the diameter of the generated one. This relation keeps constant if quantified using a double logarithmic scale, thus indicating the presence of a power law. As stated in other works, this mechanism is consistent with a fractal recursive rule [20] . As a result, the spatial fractal properties of the arterial tree can be assessed in terms of the FD. Together with the structural aspects of the relationship among its ramifications, the dimension has been also related to the flow rate value (or its velocity) in relation to the level of diversification reached [38] . There is previous evidence that the dimensional value acquired (between 1.2 and 1.4) results from the metabolic dependence of the tissue to be perfused and not from the tree structure itself [39] . The determination of the generation parameters, which defines the degree of symmetry of the branching angles and the value of the derived diameters, makes it possible to conceive differentiated structures which have either a blood supply function or a blood distribution function [38] . The structures mentioned are related to the heterogeneous distribution of flow, as established by the perfusion target site [20] . However, as branching progresses, instantaneous variations in symmetry rules are still not clear as a whole [38] .
A conceptual model based on experimental measures
In [40, 41] , continuous AP measurements were obtained in the following sites: left ventricle and descending thoracic aorta (five animals, instrumented with solid-state implantable pressure sensors) and carotid and femoral arteries (five male middle-aged subjects, without cardiovascular risks factors, evaluated by applanation tonometry). Due to experimental limitations, invasive (in animals) and non-invasive (in humans) measuring methodologies were performed. Assessment of FD in AP time series waveforms was developed by applying Higuchi's method where topological dimension was not considered in FD relative changes (ΔFD) calculation. Essentially, a significant increase in ΔFD was observed at the thoracic aorta (higher complexity) in respect to ventricular pressure FD values (+233.06 ± 75.34%). On the other hand, femoral artery AP manifested a decrease in ΔFD (lower complexity) in comparison to the carotid site (−56.51 ± 13.62%; Figure 4A ).
From different experimental protocols that were carried out and assuming baseline states, a conceptual model of the morphological structure of AP waveform throughout the arterial network can be proposed. The ventricular pressure waveform, whose FD is minimal, is 'fractalized' during its path along the descending aorta, in addition to the effect caused by the arterial load. In particular, the latter is influenced by the general state of the vascular network, and it is affected by pathological states, which basically alter AS values (and thus PWV), in the same way as with wave reflection sites. As the mechanic wave propagates through the branches, the presence of a stiffness gradient and the vicinity of the periphery make its morphological structure less complex. For this reason, the loss of fractality in central pressure (as well as other CVR-related parameters) is relevant in terms of prevalence and development of CVDs.
Fractal dimension and ageing
Ageing is defined as the age-related decline in physiological function where arterial stiffening and hypertension constitute related disorders in the cardiovascular system [42] . Age can be considered one of the most powerful determinants of cardiovascular risk, usually regarded as a chronological, unmodifiable, and even untreatable factor [43] . Arterial mechanical properties of the small vessels are known to be altered with advancing age (dilating and stiffening), leading to a rise in PP [44, 45] . In this sense, central pulse pressure (cPP) has been more closely related to cardiovascular events than peripheral pulse pressure (pPP) where predictable changes occur in the arterial time series waveform whether recorded invasively or non-invasively [44, 46] . From the point of view of chaos theory, multiscale and non-linear complexity (structure and interactions of individual subsystems) appears to degrade with ageing and disease [47] . The structures and functions of the individual subsystems are not only affected by the process but also the interactions between them [48] . For this reason, the loss of complexity has even been hypothesized to be an indicator of the transition from normal ageing to frailty [49] . In [50] , changes in the waveform complexity of cPP as a result of the ageing process were evaluated. A significant decrease in FD values was obtained in cPP waveform for aged subjects (−55.55%), concomitant to a cPP increase (+31.87%). As a result, loss of waveform complexity was observed as a consequence of the ageing process in cPP ( Figure 4B ). Arterial structural changes were reflected in FD variations, independent of the AP calibration, due to the space filling property and the fine structure of the waveform were analysed. However, further studies are necessary in order to determine whether changes in waveform complexity can be utilized as a complementary factor of vascular ageing.
Fractal dimension, stiffness and wave reflection
The effect of arterial tree structure on arterial pressure fractal behaviour was assessed on laboratory animals in Refs. [51, 52] . Firstly, FD was applied, as a non-linear measure, in order to quantify waveform morphology complexity (or roughness) of aortic AP. Subsequently, aortic arterial wall stiffness was evaluated using the first derivative of the pressure-strain relationship, while the effect of wave reflection was estimated from AIX measurements. In order to eliminate peripheral wave reflections, a pneumatic cuff occluder made from silicon rubber was implanted around the descending thoracic aorta, proximally to the AP and AD transducers (piezo-resistive and ultrasonic, respectively). Aortic stiffness was studied by means of pressure-diameter loops both in basal and occlusion states (activation of the cuff and induction of total reflection). A biphasic model was adjusted, where the low pressure slope was related to the elastin elastic response, while the high pressure slope indicated the recruitment of collagen fibres.
As a result, a significant decrease in aortic pressure waveform complexity (pointed out by a FD diminution) was observed during the occlusion interval (−71.43%), concomitant to aortic stiffening (+155.71%) and an increase of AIX (+56.72%).This condition was also addressed in [53] , during the evaluation the effect of arterial cross-clamping (a common strategy used in vascular surgery) on arterial stiffness, in humans. The Augmentation Index normalized to 75 beats-per-minute (AIx@75), and FD was calculated from radial arterial pressure tracings during surgery. In both aortic and iliofemoral interventions, after arterial clamping, median AIx@75 rose and FD dropped significantly; the opposite occurred after arterial unclamping.
Discussion
Along this chapter, a holistic evaluation of AP waveform complexity in the arterial network was performed, where its FD changes were related to the vascular site. While the ventricular pressure time series was observed to be 'fractalized' at the aortic level (due to the fact that the waveform is more exposed to the multiple wave reflections), AP showed a loss of complexity at distant sites from the cardiac muscle, as a consequence of AF. Concomitant changes in arterial stiffness (a rise of the elastic modulus towards periphery) jointly with the effects of wave reflection were particularly analysed.
The unwrinkling effect
The morphological changes observed in AP waveform during its propagation along the arterial tree can be summarized in an increase of amplitude combined with a loss of roughness.
This effect was first observed in the invasive experimental protocols implemented in the coronary network. The increase in vascular stiffness, induced by the smooth muscle activation of, was concomitant to an increase and loss of roughness in the time series structure [54] . A similar behaviour was observed in obstructive events of the descending aorta (absence of reflected peripheral waves) as well as in the pressure morphological variation analyses performed on the carotid and femoral arteries. The latter situation was associated with the effect produced by the arterial AF, whose activity has been described according to similar terms. Therefore, the scaling phenomenon with loss of complexity observed in mechanical waves in their path from the myocardium was conceptualized as a 'waveform unwrinkling', as shown in Figure 5A .
Structural fractality: the distributed model
The conception of the arterial system as a single, close-ended conduit, with constant or variable properties along its length, has generated acceptable results in relation to low-frequency perturbations [55] . However, in the case of high frequencies, the discrepancies are evident.
The justification of this latter situation lies in the fact that although the arterial system is not a single conduit, it is made up of a set of tubular branches. In addition, the attenuation effect, produced by arterial wall viscosity, on the waves propagating through the network, must also be considered. One of the most relevant aspects is the inverse relationship that exists between frequency and wavelength since wavelengths corresponding to high frequencies will produce significant phase differences between the waves coming from different reflection sites. For this reason, the consideration of the stiffness gradient together with the distributed nature of the terminal branches significantly affects the overall behaviour of the arterial system [55] .
In terms of non-linear processing, such behaviour may be expressed in multiple scales and thus evaluated through a fractal measure. The loss of high-frequency components is a typical feature of the loss of complexity, and it can be associated with the presence of diseases. In fact, this idea is part of the health/disease and FD conceptual framework, adopted in this chapter.
In this sense, the transmission network models based on fractality have been consistently applied in the study of circulation [56] . In [57] , arterial network simulations based on fractal rules were developed, where Taylor's proposed premises were extended. One of the most relevant findings is that regardless of the dichotomic distribution of the branches and of the application of a power law to the relationship between their dimensions, the characteristic asymmetry of the bifurcations plays a fundamental role. This phenomenon is responsible for a marked reduction in the reflection coefficient and therefore affects the spectral oscillations in the input impedance.
Dispersion phenomena in physiological measurements are inevitable. The problem lies with the methodology used to quantify them, regardless of the size of the domain considered. Although a coincidence in the mean values is possible, this is not observed in the relative variance, since the latter depends on the measurement scale chosen to estimate the parameter. It is in these cases that the intervention of the concept of fractality cannot be disregarded [23] . This idea was first associated with physiological structures in [25] . In this work, explicit reference to the creation of vascular networks from fractal rules was made. As a result, an acceptably consistent hypothesis was posed: If the geometry of vascular beds has a fractal structure, isn't it expected that perfusion pressure and flow will be governed by such geometry? [23] . The impact of this structure on AP, its association with pathological states related to AS, and the presence of peripheral reflections constitute the great quest towards that direction.
The dichotomous branching of the arterial tree reflects its first fractal characteristic though in a more basic form. Indeed, the result is an open structure consisting of vascular segments and bifurcations, which constitute the universal block of the arterial network [58] . As stated above, the asymmetry present in each vascular division affects the magnitudes of the angles, lengths and diameters of the generated branches. Symmetrical bifurcations result in a rapidly progressing network, with a marked reduction in their diameters. This arterial structure has been observed at the coronary level in those vessels that enter the myocardium to reach the capillary bed, creating a blood supply pattern [39] . The opposite happens with highly asymmetric bifurcations. The parent branch maintains its structure since its reduction is minimal in each process. Again, in terms of coronary circulation, such structure corresponds to the major arteries surrounding the heart and has blood distribution patterns [39] . However, although the asymmetry factor is crucial in the formation of the structures mentioned, it shows variability in the vascular networks because it does not remain constant from one level to the other. Since there is no reason to consider this factor purely random, it may depend on the local anatomy or be the result of specific flow requirements [39] .
In view of the foregoing, the fractal genesis of the arterial network is unquestionable. For this reason, the temporal behaviour of its hemodynamic variables was evaluated, using processing methodologies appropriate to such conception. However, although there are studies addressing the allocation of geometric parameters to each branch [58] [59] [60] , no allocations related to intrinsic arterial wall features have been evaluated. As previously stated, the activity of the viscoelastic components of the arterial wall strongly determines arterial impedance. Therefore, the self-affine phenomenon observed in the AP time series can be modelled from the interaction of the reflected propagating components, whose distribution within the morphology is the result of local (or eventually systemic) biomechanical alterations of the arterial vascular structure.
Pressure waveform morphology: the influence of wave reflection
According to previous paragraphs, it may be inferred that exists an evident trend between the arterial network reflected waves and the morphology acquired by AP time series. Therefore, under total reflection (only carotid, subclavian and brachiocephalic branches remained without being occluded) aortic blood pressure unwrinkling (pulsatility increase in conjunction with a loss of roughness) is the consequence of the absence of the fractal nature, induced by the multiple branching of the arterial tree. It is noteworthy that FD analysis was performed over short-time intervals, no longer than two heartbeats. This consideration allowed the insolation of the intrinsic mechanical response, preventing the contribution of reflex regulation mechanisms (which take place around the fifth heartbeat after occlusion) whose intervention might contaminate the waveform structure. Additionally, the heart rate decrease, induced during the occlusion manoeuvre, constituted another intriguing result, which deserves further investigation. Fractal-based techniques have provided a nature-based approach, in order to identify the presence of multi-scale interactions, which are commonly generated by the characteristic of the physiological process [17] . In conclusion, arterial pressure fractality can be conceived as highly dependent on wave reflection.
In relation to this, a comparison of the structural complexity between a ventricular pressure wave and an aortic wave was presented above. Although the aortic wave is constrained in its frequency content (as a result of the buffer effect), it shows a marked irregularity in terms of morphology. The presence of wave reflections, coming from the multiple vascular branching sites, modifies its contour significantly. It was already stated that under pathological states, such as HBP, as represents a decrease in the system's global compliance. As a result, the elimination of high-frequency fluctuations is less efficient. In addition, the resulting increase in PWV generates an early return of the peripheral waves to the heart muscle, thus increasing the pressure in the abdominal aorta region [7] . In terms of fractal analysis, the processing of aortic pressure waveforms shows lower roughness values compared to normal states. Consequently, it may be inferred that the dispersion of reflections in relation to the structure plays a fundamental role. The early return of the reflected waves not only increases AP maximum values during its systolic excursion, but it also has an impact on the distribution of singularities that are part of heartbeat morphology. Such alterations are clearly differentiated by FD variation, which in fact presents the unwrinkling phenomenon.
Fractal dimension: a holistic index
The detection of a stretching in AP with a loss of complexity (unwrinkling) can be attributed to both an increase in AS (conductive factor) and to structural alterations typical of the arterial tree (obstructive factor). The loss of morphological roughness means that the AF has different impacts on pulsatility frequency components, making the waveform less complex and taking it to its pure oscillatory levels. This phenomenon may, in some aspects, be associated with the concept of oscillatory disease [26] . Consequently, proposing FD as a 'holistic index' is appropriate from more than one point of view. The holism concept entails the presence of non-linearity, where the whole is not the sum of the parts, thus not complying with the superposition principle. In addition, the FD has intrinsic behaviours based on multiscale information, which are not specifically related to any particular magnitude or biological system. Moreover, the calibration of the signal acquired in its determination is not required, and therefore, the measurement is independent of specific units. It should be stressed that the non-invasive determination of AP systo-diastolic variations (by means of the applanation tonometry technique) requires additional sphygmomanometric measurements, where the invariance of the mean and diastolic pressures throughout the vascular network are assumed.
In this sense, the FD estimation may be affected by the values of such pressures.
The evolution of vascular diseases entails progressive changes, whose early stages are difficult to detect. Particularly in parietal alterations, they initially appear at a molecular level (e.g. excess of low density lipoproteins, nitric oxide deficiency), then at a cellular level (migration of smooth muscle cells, elastin fibre ruptures, leukocyte intervention), then at a local structural level (plaque formation, remodelling, vascular weakening) and finally at a global structural level (generalized disease with systemic consequences). In all these stages, the loss of complexity of the variables involved in the processes should become evident and, probably, a nonlinear measure provided by the FD would be capable of identifying such abnormality. For this reason, the possible association between the multi-scale analysis of hemodynamic variables in the time domain and similar spatial behaviours, the latter representative of the different components present in the vascular structure has been proposed as a topic for future studies.
In conclusion, the various analyses performed indicated the presence of morphological variations in hemodynamic variables of the vascular mechanics, induced by the presence of pathological states. Such variations were quantified through non-linear processing based on fractal geometry. The main finding shows a decreased FD, concomitant to both the changes in AS and the absence of wave reflections. As a result, it may be inferred that the information provided by the measurement is systemic since it is influenced by both factors simultaneously. The FD observational analysis, associated with a potential marker, is significantly consistent in terms of health and disease. Through the adoption of this conceptual framework, it was possible to use the quantification of fractal complexity to detect underlying pathological states, associated with descriptive parameters of cardiovascular mechanics ( Figure 5B ). 
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